ABSTRACT. A sequence of annually laminated sediments is a potential tool for calibrating the radiocarbon time scale beyond the range of the absolute tree-ring calibration (11 ka). We performed accelerator mass spectrometric (AMS) 14C measurements on >250 terrestrial macrofossil samples from a 40,000-yr varve sequence from Lake Suigetsu, Japan. The results yield the first calibration curve for the total range of the 14C dating method.
INTRODUCTION
Lake Suigetsu is located near the coast of the Sea of Japan (35°35'N, 135°53'E). The lake is 10 km around the perimeter and covers 4.3 km2. It is a typical kettle-type lake, nearly flat at the center, Ca. 34 m deep. A 75-m-long continuous core (Lab code = SG) and four short piston cores (Lab codes = 501, -2, -3 and -4) were taken from the center of the lake before 1993 (Kitagawa et al. 1995) .
The sediments are characterized by dark-colored clay with white layers due to spring season diatom growth. The seasonal changes in the depositions are preserved in the clay as thin, sub-millimeter scale laminations or "varves". Based on observation of varve thickness change, we expect that the annually laminated sediment records the paleoenvironmental changes during the past 100 ka.
This sequence of annually laminated sediments not only forms a unique continuous paleoenvironmental record after the last interglacial but also permits us to reconstruct a complete 14C calibration extending back to at least 40 ka BP, and probably even more by means of combined isotope enrichment and AMS 14C dating (Kitagawa and van der Plicht 1997).
We have performed AMS 14C measurements on >250 terrestrial macrofossil samples of the annual laminated sediments from Lake Suigetsu. Here, we report varve and 14C chronologies of these sediments. The combined varve and 14C chronologies back to 40,000 BP are used to reconstruct a 14C calibration curve for the total range of the 14C dating method.
METHODS
In order to build up a calendar time scale (i. e., varve chronology) for the Suigetsu (SG) core, a total of 85 subsamples were taken in a section of SG extending from 10.42 to 30.45 m below the top sediment, each ca. 25 cm in length, including a 1.5 cm overlap with neighboring subsamples. To allow detailed observation of the sediments, the well-cleaned surfaces of sediments were scanned with a digital camera with a resolution of ca. 1200 data points per inch. The ca. 1500 digital images were processed using an image analyzing program.
Based on a more detailed analysis of the varve sediments, the previous chronology obtained mainly from the short piston cores (Kitagawa et al. 1995) is revised for two reasons: 1) a more precise matching of the floating Lake Suigetsu varve chronology to the available dendrochronologies with a high-resolution AMS 14C data set, and 2) an updated varve chronology due to previous miscounting of varve numbers. We had identified the white and diatom-rich layers under a microscope with a UV light source. The white layers typically observed in the Holocene and at limited time intervals in the Glacial are easily identified by this procedure. However, after reassessment of varve counting 'International by means of computer image analysis of digital pictures, we found that the much less distinct varves observed in some intervals during the deglaciation and Glacial could be determined only with a relatively large error. In order to reconstruct a more precise and longer varve chronology for the laminated sediments from Lake Suigetsu, we have reassessed the varve chronology in the whole section during the deglaciation as well as the Glacial up to a depth of 30.45 m.
The uncertainty in the varve chronology comes from two sources: core sampling and varve counting. The SG core parts were divided into 90-cm-long sections for sampling from one drilling hole; therefore, there is a potential loss of sediment or varves between samplings. Detailed comparison with short piston cores (SG3 and SG4) for the upper 16 m shows that the sampling does not cause significant loss of varves-typically 0-2 cm to a maximum of 3 cm, corresponding to ca. 20-30 yr in the Holocene and ca. 50 yr in the Glacial. Since the varve ages from below 18 m (corresponding to ca. 20,000 cal BP) were estimated by varve counting of a single core, the ages quoted in this paper should be considered as minimum ages, the error increasing with depth.
Since the detectability of the varve depends on the quality of the lamination, it is not straightforward to estimate the accuracy of the varve counting process. Based on the results of some duplicated countings of selected subsamples and independent counting of different subsamples collected from the same horizon, we estimate that the counting error is < 1.5%, corresponding to 150 yr for 10,000 varve yr.
The sediment from the core top to 19.3 m of SG was split ca. every 3 cm (corresponding to 20-50 yr). The macrofossils were washed out from ca. 60 cm3 of sediment. For the deeper part, the relatively large macrofossils were picked up by hand in a dust-free room to reduce contamination from the surroundings. We selected terrestrial-origin macrofossils such as leaves, branches, and insects for AMS 14C measurements.
The 14C/12C and 13C/12C ratios of terrestrial macrofossils were measured at the Groningen AMS facility (van der Plicht et al. 1995; Gottdang, Mous and van der Plicht 1995; Wljma and van der Plicht 1997 ). An essential procedure is a strict elimination of possible contamination during the sample collection and handling (Wohlfarth et a1.1993). The samples are processed using a strong acid-alkaliacid (AAA) treatment (hook and Streurman 1983) for both samples and reference blank materials.
The reference blank consists of >5014C-free plant materials collected from the deep layer of the same core (corresponding to an age of ca. 90-100 ka). The blank correction is 0.28 ± 0.03 (1 ar) pMC on average for relatively large samples (containing > 0.7 mg carbon), corresponding to 47,000 BP. For smaller samples, the blank level and its scatter increase with decreasing sample size. For age calculation, we include this effect as well as the scatter in 5-6 standards per measurement batch, prepared independently from the HOxII international standard, which is typically 0.5%. In order to reconstruct the calendar time scale, we compared the Lake Suigetsu chronology with calibration curves obtained from the absolute German oak (shifted by 41 yr at 5241 BC to the older direction, Kromer et al. 1996) and the floating German pine (Kromer and Becker 1993) using the least squares minimization. The revised German oak and the floating German pine calibration curves were combined into one calibration curve by moving the age of German pine chronology. Figure 2 shows the best match between the tree-ring and the Lake Suigetsu chronologies, estimated by minimizing the weighted sum of squared differences between the 14C ages of macrofossils and the tree-ring calibration curve. We found the best match when the German pine chronology is shifted by 160 yr with respect to the pine chronology reported by Kromer and Becker (1993) . The features in our data overlapping the tree ring calibration agree very well, even for "wiggles" in the 14C calibration curves. Using this match, we defined the absolute time scale for the Lake Suigetsu varves chronology. The 29,100-yr Lake Suigetsu chronology then covers the absolute age range from 8830 = Lake Suigetsu (Japan); 0 = Lake Go §ci± (Poland) (Goslar et al. 1995, ms.) . Continuous lines show the German oak and pine chronologies fixed by comparison with the varve chronology of Lake Suigetsu.
to 37,930 cal BP. Our varve chronology also confirms the revised floating German pine chronology, which was recently shifted by 160 yr to the older direction (Bjorck et a1.1996; Kromer et a1.1996) .
The combined 14C and varve chronologies from Lake Suigetsu are used to calibrate the 14C time scale beyond the range of the absolute tree-ring calibration. Figure 3 shows an atmospheric 14C calibration for the complete 14C dating range (<45 ka) reconstructed from annually laminated sediments from Lake Suigetsu. The numbers are given in the Appendix. Beyond the-tree ring calibration range, our calibration agrees well with the European sediments (Goslar et a1.1995, Goslar, Arnold and Tisnerat-Laborde ms.) and generally with marine calibrations obtained by combined U/Th and 14C dating of corals (Bard et al. 1990 (Bard et al. , 1993 Edwards et a1.1993 
